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ABSTRACT

Comparative Studies on Oxygen Mass Transfer for the Design and Development of a
Single-Use Fermentor

by

Kristan Sorenson, Master of Science
Utah State University, 2010

Major Professor: Dr. Timothy Taylor
Department: Biological Engineering

Accurate experimental oxygen mass transfer coefficient, a measure of how quickly
oxygen travels from a gas bubble to the bulk liquid, is important for comparing
performance and for evaluating the oxygen transfer capability of a fermentor. Delays in
probe response and changing gas volumes upon start-up of gassing affect the accuracy of
oxygen transfer measurements. To mitigate these inaccuracies, a standard correction
procedure for oxygen mass transfer data was established for highly oxygenated, wellmixed fermentation systems. Probe response time correction was generated by applying
a second-order response model to dissolved oxygen probes and shown to be effective
within 4%. By using a derived model for transient volume rise, the effect of changing
gas volume at start-up was shown to cause very minimal error (1-2%) in kLa.
The unsteady-state method of kLa determination was used to compare design aspects
of a hypothetical fermentor, including gas sparging devices and locations, baffle
geometries and quantities, and impeller configurations. It was shown that locating the
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sparging device in the center of the tank, directly below the drive shaft and bottom
impeller, is optimal for oxygen mass transfer. Sparger type was shown to have little
effect on oxygen mass transfer values, although an open-pipe sparger was shown to
provide slightly more oxygen mass transfer than a ring sparger. The use of rounded
baffles in place of traditional rectangular baffles resulted in a 67-80% decrease in oxygen
mass transfer coefficient. A comparison of three and four traditional baffles showed that
three baffles produced a higher oxygen mass transfer than four. Correlation of baffle
ratio and oxygen mass transfer coefficient indicated that the optimum baffle ratio is
approximately one. Radial impellers were observed to provide better mixing, and thus
higher oxygen mass transfer coefficients than axial impellers. In seven of ten
comparisons, an impeller quantity ratio of 1.33 instead of 1.00 provided significant
improvement in kLa. Additionally, only two of ten comparisons showed a difference
between traditional Rushton turbine impellers and Smith turbine impellers, indicating that
the difference in oxygen mass transfer capability of the two is negligible.
(115 pages)
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CHAPTER 1
INTRODUCTION
1.1 Purpose
The flexibility, simplicity, and economic feasibility of single-use systems promote
their omnipresence in the biotechnology industry. Single-use bioreactors, however, lack
the aeration and mixing capabilities necessary to grow most industrially relevant
microbial cells. This study aimed to identify and quantify the effects of fermentation
vessel mixing and aeration equipment on oxygen mass transfer capabilities. Once
quantified, these effects were optimized for the design of a single-use fermentor.
Although previous studies have focused on oxygen mass transfer and mixing
capabilities of certain fermentation equipment designs, these studies are often theoretical
and lack needed quantitative results. In publicly available literature, direct comparisons
of different equipment types are rarely measured, especially on a pilot scale. In the
present study, statistically relevant effects of aeration and mixing equipment designs for a
250 liter fermentation vessel were characterized. At the mentioned scale, oxygen mass
transfer often occurs on a time scale well below that of the oxygen probe’s response time.
Often neglected in the literature is the need for a probe response correction. In order to
correctly compare vessel design components, oxygen mass transfer values were first
corrected for probe response and the inherent transient volume rise which occurs during
their measurement. The breadth of this study provides the information necessary to
design a single-use fermentor that is capable of providing adequate oxygen to growing
microbial cells.
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Oxygen is often a growth-limiting substrate for microorganisms. The apparatus used
to introduce gas into the fermentor, known as a sparger, as well as its location, can
influence the mass transfer rate of oxygen from gas bubbles to microbial cells. Mixing in
the tank, often accomplished through the use of impellers and baffles, is also an important
factor influencing oxygen mass transfer capabilities of fermentors. Mixing patterns can
be estimated using Computational Fluid Dynamics (CFD) software to create a model of
the tank. These models can aid in qualitatively comparing tank characteristics.
Oxygen mass transfer rate is quantified using an oxygen mass transfer coefficient,
more commonly known as kLa (Yoshida and Akita, 1965). This coefficient is determined
using a variety of methods, the most common of which is the unsteady-state method. The
unsteady-state method uses dissolved oxygen probe measurements during a certain time
interval to calculate kLa (Ruchti et al., 1980). At very small time scales, such as those of
fermentation oxygen mass transfer rates, dissolved oxygen probe response time can
significantly change results and must be accounted for (Philichi and Stenstrom, 1989).
The changing tank volume due to gas start-up time, known in this research as transient
volume time, must also be accounted for in order to accurately compare mass transfer
capabilities of fermentors.
1.2 Objectives
The main goal of this project was to explore the effects of fermentor design on
oxygen mass transfer capabilities. The measurement of the overall oxygen mass transfer
coefficient (kLa), coupled with computational fluid dynamics modeling, were used to
compare design possibilities of traditional and single-use fermentation systems.
Correction methods were applied to the collected oxygen mass transfer data to ensure
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accuracy. The design aspects explored include gas sparging devices, impeller quantity
and geometry, and baffle quantity and geometry. This information was used to make
recommendations for the design of a single-use fermentor. Specific objectives were as
follows:


Collect oxygen mass transfer data for a 250 liter single-use fermentor test unit
with differing design aspects in the areas of
o Gas sparging devices
o Baffle quantity
o Baffle geometry
o Impeller quantity
o Impeller geometry



Correct measured oxygen mass transfer data for probe response time and transient
volume rise



Create recommended guidelines for the design of a 250 liter single-use fermentor



Qualitatively compare experimental data to the CFD models
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CHAPTER 2
LITERATURE REVIEW
2.1 Single-use Technologies
2.1.1 Background
Because of continual emergence of new biotherapeutics and other bioproducts,
pharmaceutical and biomanufacturing companies constantly face challenging marketing
conditions. They are pushed ever increasingly to shorten development cycles, reduce
time to market, improve production yields, and provide high quality products at
competitive prices (Boehm, 2007). These challenges are also accompanied by strict
regulatory and validation guidelines set forth by the FDA and other similar agencies. In
order to relieve these pressures, a number of companies are turning to single-use or
disposable systems to meet their product specifications (Boehm, 2007). The potential of
this market was described well in the following quote from the September 15, 2006 issue
of Genetic Engineering News.
“Sometimes a technology is so obviously the right thing that it is hard to
remember what it was like before the technology emerged. The use of
single-use disposables for the bioprocessing industry is one such
technology; the bioprocessing industry immediately recognized how
disposables represented significant savings in time, labor, and capital.”
(Rosneck, 2006, p. 1)
The single-use bioprocessing industry, which began quite simply with small-scale
media storage and shipping containers (DePalma, 2006), has a future in the
biotechnology industry. Because of benefits which will be discussed further on, singleuse components can be integrated in every step of a bioprocess, from media mixing to
down-stream processing. Single-use parts in a process include filters, flexible tubing,
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sterile liquid containment bags, disposable bioreactors (the focus of this particular
project), media mixing systems, aseptic connectors, and much more. Some downstream
processes such as cell removal, clarification, and diafiltration can also be converted to
single-use unit operations (Charles et al., 2007). Lead scientists at Laureate Pharma
report using single-use components in all steps of the biomanufacturing process (Charles
et al., 2007). A completely single-use bioprocess is likely the goal of most companies
who have already integrated single-use systems into their processes (DePalma, 2006).
In December 2005 the first major installments of single-use technology in a largescale bioprocess occurred when Fisher Sciences contracted with Haemacures. The
contract specified that Fisher Sciences, in conjunction with Alfa Laval, HyNetics, and
HyClone, would provide single-use bioprocessing systems for Haemacures’ fibrin
bioadhesives manufacturing facility. Among the reasons for this contract were listed:
elimination of cross-contamination and cleaning validation, as well as improved cost and
higher efficiency (DePalma, 2006).
2.1.2 Benefits
With the increasing volume and variety of pharmaceutical products, many
biomanufacturing facilities are being driven toward flexibility, especially when it comes
to changeovers and multiproduct manufacturing (Boehm, 2007). With the use of singleuse systems or components, cross-contamination can be minimized. Reusable systems
carry the risk of some organisms surviving the cleaning and sterilizing process and thus
contaminating the subsequent batch. Single-use systems, however, greatly reduce the
risk of cross-contamination (Rosneck, 2006).
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Traditional stainless steel bioprocessing systems must undergo rigorous cleaning,
sterilization, and contamination validation for FDA and other regulatory requirements
that require large amounts of labor, chemicals, water for injection (WFI), and energy
(Charles et al., 2007). As well as being expensive, these procedures take a significant
amount of time, called down-time, in which the bioprocess is stopped and no product
formation can occur (Charles et al., 2007). Down-time can be significantly reduced since
single-use components come pre-sterilized (they are gamma-irradiated). This in turn will
shorten overall production time and increase product output (Boehm, 2007; Charles et al.,
2007; Rosneck, 2006). Many single-use manufacturers are taking the regulatory process
on themselves, allowing biomanufacturing companies to purchase pre-validated products.
This action allows companies to immediately integrate single-use technologies into their
existing process (DePalma, 2006).
As identified above, the materials needed for proper cleaning, sterilization, and
validation of a process are expensive. The use of a single-use system can minimize the
cost of labor, chemicals, water, and energy. Single-use systems also reduce the amount
of needed equipment and floor space requirements. This reduction has the potential to
decrease capital investment costs and thus increase profitability as well as increase
production capacity at an existing facility (Boehm, 2007). In some cases, hardware
associated with disposables can cost as little as one-fourth of a complementary traditional
system. The disposables themselves can cost significantly less than the cost of cleaning,
sterilizing, maintaining, and validating a stainless steel bioreactor (DePalma, 2006).
Flexibility is increasingly important for biopharmaceutical manufacturers. Once
built, traditional biomanufacturing processes have little freedom for changes. With the
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expanding range of products in the biopharmaceutical industry, customizability is a
necessity which single-use systems offer. This customizable design also provides faster
design, construction, and commissioning of facilities (Charles et al., 2007). Single-use
systems are also scalable (Rosneck, 2006), with sizes ranging from the mL scale to 2,000
L. Disposable systems also offer simplicity previously unfamiliar to the
biomanufacturing industry (Eibl and Eibl, 2009).
2.1.3 Drawbacks
Unfortunately, the single-use technology is not a perfect one. The biggest problem
with the development of single-use bioprocessing components is the upper size limitation
(Charles et al., 2007). The largest single-use bioreactor is 2,000 liters (DePalma, 2006),
which is barely in the production scale for biopharmaceuticals. More typical sizes are
500 and 1,000 liters (DePalma, 2006), which generally fall under pilot-scale production.
Because of manufacturing difficulty, cost of materials, and the feasibility of effectiveness
for single-use systems larger than 2,000 liters, further research is needed before these
systems will become available and functional.
Due to the complexity of some downstream processing unit operations, single-use
systems cannot yet be used in all possible bioprocessing unit operations. Work in this
area must also progress before diverse, fully disposable bioprocesses can be successful
(Charles et al., 2007).
Some organisms may not be compatible with the film used to make single-use
bioprocessing containers. Certain cell types may attach to the surface when they should
not or may simply grow poorly (Charles et al., 2007). Components of the film may also
diffuse into the media (known as extractables) or components of the media may become
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bound to the film (known as leaching agents) (Rosneck, 2006). This could complicate
downstream processing or remove critical nutrients from the growth media.
The most important drawback for the purposes of this research is associated with
oxygen mass transfer capability. Currently, single-use systems are only designed to grow
animal cells, which require significantly less oxygen than microbial cells. The design of
a single-use fermentor, capable of providing aeration and mixing adequate for microbial
cells would be a competitive addition to the single-use biotechnology industry.
2.2 Fermentation
2.2.1

Importance

Mass culturing of microbial cells, known as fermentation, is common for producing a
wide range of biotechnology products (Pandey et al., 2000). The type of fermentation
discussed in this work includes the growth of any non-plant and non-animal
microorganism. This definition includes both aerobic and anaerobic organisms.
Microorganisms can be genetically engineered or manipulated to form desired products
such as bio-fuels (Siquiera et al., 2008), pharmaceuticals (Shuler and Kargi, 2002), and
food (Liu et al., 2008). The fermentation process can simplify the formation of these
products as well as decrease cost of production and purification. Due to these benefits,
the use of microbial cells to make complex products is continually increasing.
2.2.2 Reactor Design
Fermentation tanks are usually designed based on how much volume they are to hold.
Tanks range in size from one milliliter to 10 megaliters. The vessel shape is cylindrical
with a height-to-diameter ratio of 2 to 3 (Shuler and Kargi, 2002). The bottom perimeter
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of the tank is generally rounded to decrease power consumption (Walas, 1990) and for
better fluid flow.
2.3 Aeration
2.3.1 Oxygen Mass Transfer
The growth of any cell requires many nutrients, including an electron donor and an
electron acceptor. For most microorganisms, oxygen is the most efficient and preferred
electron acceptor (Gupta and Ibaraki, 2006). Unfortunately, due to its low solubility in
water, oxygen is usually the limiting substrate (Sinclair and Ryder, 1975). Thus, oxygen
transfer is of paramount importance in pharmaceutical, food, bio-fuel, and other
bioprocess industries.
In most fermentors, growing cells are suspended in a growth medium and compressed
air is fed through an apparatus called a sparger. The location of the sparger differs
depending on vessel size and type and the desired outcome. Unfortunately, the oxygen
does not travel directly from the sparger to the cells. As seen in Figure 1, the oxygen
must disperse through the liquid and overcome the gas-liquid boundary layer around each
individual bubble. The movement of oxygen is driven by the concentration gradient
around the bubble and within the tank. Oxygen will travel from areas of high
concentration to areas of low concentration, with equilibrium as its goal. Therefore, the
oxygen transfer rate (OTR) is a function of oxygen’s solubility in the medium,
diffusivity, and the driving force, which is the concentration gradient. OTR is described
by the equation (Oosterhuis and Kossen, 1984):
(1)
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where kL is the volumetric liquid phase mass transfer coefficient, a is the gas-liquid
interfacial area available for mass transfer, C* is the oxygen concentration in the liquid at
saturation, and C is the actual oxygen concentration in the liquid.

Figure 1. Schematic of the steps required for mass transfer of oxygen from a bubble to a
cell (Reprinted from Bioprocess Engineering Principles, 1st edition, Pauline M. Doran,
“Mass Transfer,” pages 190-217, Copyright 1995, with permission from Elsevier)

Since the gas-liquid interfacial area, a, is often difficult to measure, the two constants
are usually combined to form the kLa term, which represents the overall liquid phase
mass transfer coefficient. This term is used in academia and industry to quantify the
oxygen transfer capabilities of fermentors.
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2.3.2 Measurement Techniques
There are five methods of measuring kLa: (1) the yield coefficient method, (2) the
steady-state method (also called direct measurement), (3) the dynamic method, (4)
sodium sulfite oxidation, and (5) the unsteady-state method. Each method and its
effectiveness are briefly discussed below.
The yield coefficient method utilizes oxygen growth yields and stoichiometric
balances to mathematically solve for kLa (Wang et al., 1978). Although this method
provides reliable and satisfactory results, it assumes that all substrate is converted to
carbon dioxide, water, and cell mass, which is not always true (Parakulsuksatid, 2000).
The steady-state method, or direct measurement, requires the oxygen concentration of
all gas exit streams to be measured, as well as the dissolved oxygen in the liquid phase
(Shuler and Kargi, 2002). Thus, the whole reactor is used as a respirometer and a mass
balance on oxygen can be used to determine kLa (Finn, 1954). Oxygen transfer rate is
assumed to be equal to oxygen uptake rate (cells are present). A simple mass balance can
then be used to determine the kLa. Although probably the most accurate method
available (Shuler and Kargi, 2002; Wang et al., 1978), this method ignores the bubble
residence time, which is realistically necessary to calculate correct kLa values (Lavery,
1987). Very accurate equipment, such as oxygen analyzers, flow meters, pressure
gauges, and temperature measuring devices are also required (Wang et al., 1978).
Like the steady-state method, the dynamic method is performed while cells are
present in the fermentor. The air supply is suddenly turned off and the dissolved oxygen
(DO) level is allowed to drop close to (but not below) the critical oxygen demand of the
species (Shuler and Kargi, 2002). The air is then turned back on, allowing the DO to
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increase to its value previous to the air being turned off. The oxygen uptake rate can be
determined by the slope of the decreasing line and the oxygen transfer rate can be
determined by the slope of the increasing line. These values can then be used to backcalculate kLa. This method has an advantage over the steady-state method because only
one instrument, the dissolved oxygen probe, is needed to determine kLa. The accuracy of
this method, however, depends highly upon the time response of the dissolved oxygen
probe (Shuler and Kargi, 2002).
The sodium sulfite method utilizes chemical reactions to measure kLa. With Cu2+ as a
catalyst, sulfite is oxidized to sulfate, consuming oxygen in the process. This reaction
can be utilized to mimic oxygen uptake. After a lengthy protocol, the kLa can be
calculated using the oxygen uptake rate. Although this is a relatively simple method, the
solution cannot be considered near that of a fermentation broth in physical or chemical
properties (Hensirisak, 1997) and the kLa is likely over-estimated (Shuler and Kargi,
2002). The complex chemistry can also get confusing (Finn, 1954), leaving scientists
questioning the accuracy of their methods.
The most well-known (Banerjee, 1993) method and the one that was used in this
research is the unsteady-state method. A reactor is first filled with water, or a mockmedia if desired, then sparged with nitrogen to drive the oxygen out of the system (Shuler
and Kargi, 2002). The air is then turned on and the changing oxygen concentration is
recorded. Manipulating Equation 1 and graphing the results yields a straight line with a
slope of negative kLa. This method is beneficial because it is simple, there are no
chemicals required, and it can be applied to many different media types (Galaction et al.,
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2004). Unfortunately, the accuracy of this method also depends heavily on the dissolved
oxygen probe response time (Banerjee, 1993).
2.3.3 Spargers
Oxygen (usually in an air mixture) is introduced to the fermentation vessel and broth
through an apparatus called a sparger. It is usually located near the bottom of the vessel
to allow the bubbles to rise to the surface while transferring their oxygen to the
surrounding broth. Spargers lie directly below or just offset of the impeller so that
bubbles can be properly dispersed (Walas, 1990). For fermentation systems, aeration
typically occurs at rates from 0.5 to 1 vessel volume per minute to maintain the dissolved
oxygen concentration well above the organism’s critical oxygen concentration, which
ranges from 5-50% of the saturated DO concentration (Schuler and Kargi, 2002). The
size and shape of the sparger can affect the amount of oxygen mass transfer that occurs
within the vessel through the effect on bubble size and velocity; other factors, such as
orifice diameter, gas velocity, and liquid surface tension also influence oxygen mass
transfer (Finn, 1954). The size of air bubbles generated by a sparger is directly
proportional to the orifice diameter and surface tension of the liquid. Air bubble size is
inversely proportional to the density of the liquid medium (Finn, 1954). Although
usually coupled with high-speed mixing, air sparging can be the sole source of
fermentation agitation, as in microbubble dispersion (Hensirisak, 1997; Parakulsuksatid,
2000).
The category of porous spargers includes sintered metal and ceramic porous plates.
The advantage is that small bubbles are produced, increasing the area available for mass
transfer and the mass transfer across the gas-liquid boundary layer (Doran, 1995). The
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bubbles are usually 10 to 100 times larger than the porous sparger orifice, but still
measurably smaller than those generated by other spargers (Finn, 1954). Despite its
multiple advantages, this configuration is not widely used because it is highly resistant to
gas flow. Microbial cells can also accumulate and grow in the tiny holes, contributing
further to the gas flow resistance. Porous spargers are used in wastewater treatment
applications and for yeast production (Finn, 1954).
An orifice sparger is formed by drilling holes into a pipe, which is then bent into
either a ring or cross shape (Doran, 1995). The holes usually range in size from 1.9 to 8.4
millimeters in diameter (Finn, 1954). This sparger type can be used alone or in
combination with mechanical stirring. Uneven air emission occurs due to the pressure
drop along the pipe manifold. Plugging of some holes can also occur, causing uneven air
emission and possible impeller flooding (Finn, 1954). This category includes the
traditional ring sparger, which is used on many scales of fermentation.
When an open or partially closed pipe provides a constant stream of air to the
fermentation broth, it is known as a nozzle sparger. Coupled with agitation, this
configuration is widely used due to its low resistance to gas flow and small probability of
fouling (Doran, 1995).
Two crucial portions of a fermentation vessel can be combined to form a gas-inducing
impeller. Air flows through the hollow drive shaft and out several holes at the impeller
blade tips. This configuration allows for recycling of air from the headspace into the
fermentation media (Patwardhan and Joshi, 1999).
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2.4 Mixing
2.4.1 Impellers
In order to maintain proper mass transfer of all nutrients in the vessel, some form of
mixing is usually required. Generally this mixing is achieved by one or several impellers
which stir the fluid in the tank. The impeller is usually mounted on a stirrer shaft (Doran,
1995), which is controlled by a motor. This configuration acts as a pump to move fluid in a
regular pattern throughout the vessel, subsequently providing the means for adequate mass
transfer of nutrients to cells. Agitation of fermentation vessels chops up the air stream into
small bubbles, circulates the liquid and increases gas hold-up, and creates turbulent shear,
which reduces the liquid film thickness (Finn, 1954).
The speed at which impellers rotate within the vessel is sensitive to the conditions of the
culture. If mixing speeds are too low, gas flow from the sparger will not get dispersed,
which causes cavitation and other issues known as gas flooding of the impellers (Walas,
1990). If the mixing speed is too high, however, the organisms in culture may be damaged
by the shear stress they experience (Garcia-Briones and Chalmers, 1994) and unnecessary
power may be consumed. For a pilot-scale fermentation, the typical operating speed of a
fermentation vessel is anywhere between 250 and 600 rpm (Alves and Vasconcelos, 1996).
Outlined below are several different types of impellers used for different purposes.
For a fermentation vessel with a large height to diameter ratio, several impellers in series
may be used. The bottom impeller is the one most concerned with dispersing air throughout
the vessel, while the top impellers promote gas hold-up of the air bubbles (Vardar-Sukan,
1986). The spacing of impellers is also crucial. If impellers are spaced too closely, the
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result will be poor overall mixing of the fluid (Vardar-Sukan, 1986). The number of
impellers, N, can be determined using the height of the tank as follows (Wang et al., 1978):
(2)
where HL is the liquid height and Di is the impeller diameter. The bottom-most impeller is
spaced 1/6 of the liquid height from the bottom of the tank. Subsequent impellers are
spaced according to the equation below (Wang et al., 1978):
(3)
where Di is the impeller diameter and Hi is the distance between impellers.
An impeller’s size can have a large affect on its ability to properly mix a fermentation
broth. If the impeller diameter is small relative to the tank diameter and the blades are
narrow, flooding will occur at low gas flow rates and the tank broth will be inhomogenous
(Vardar-Sukan, 1986). Although strongly dependent on mixing speed, the ability of an
impeller to disperse gas is also dependent on the blade size. Small blades have been shown
to produce large bubbles, which are oxygen mass transfer limited. Large blades produce
small bubbles (Vardar-Sukan, 1986). The proper size of the impeller depends on a number
of parameters and is most carefully calculated using Reynolds, Froude, and Power numbers.
The commonly used turbine impellers range from 3/10-6/10 of the tank diameter.
The blades of a radial flow impeller are parallel to the stirrer shaft and tank walls. When
fluid comes in contact with the motion of these impellers, the fluid is dispersed toward the
tank walls, or in a radial direction. Also known as six-blade turbines, these impellers force
inflowing gas through their high shear impeller region (Vardar-Sukan, 1986). This flow is
then split into two streams: one going upward and one downward. These streams eventually
return to the tank’s axis and are pulled into the impeller region to repeat this process.
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Although this impeller type promotes good gas dispersion, the bulk fluid mixing is
considered to be poor (Amanullah et al., 2004). Increasing the diameter of these impellers
or using axial impellers may help combat this issue (Amanullah et al., 2004). The widely
used 6-flat-blade disc-turbine, or Rushton impeller, is a good example of a radial flow
impeller. This type of impeller is preferred for gas dispersion (Walas, 1990). Other types of
radial flow impellers are sometimes used, but they are known to be less energy-efficient
than the Rushton impeller (Vardar-Sukan, 1986).

Figure 2. Flow pattern from a radial impeller in a baffled tank

The Smith (or CD-6) impeller is much like a Rushton impeller, except that the
blades are curved. The Smith impeller has been shown to be more efficient than the
Rushton impeller in terms of intensity and uniformity of suspension (Lupāşteanu et al.,
2008), impeller flow number (Mishra and Joshi, 1993), and gas-handling capacity (Lu
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and Wu, 2001). The Smith impeller has also been shown to produce higher shear rates
than the Rushton impeller (Folescu et al., 2007), a characteristic that is advantageous in
some situations. Several studies have also compared the power characteristics of both
Rushton and Smith impellers (Adamiak and Karcz, 2007; Cooke and Heggs, 2005; Smith
and Gao, 2001). The differences found are likely due to the more hydrodynamic
geometry of the Smith blades. A higher volume of fluid is captured by each blade due to
the “cupping” shape of the impeller in motion. Despite these apparent advantages of the
Smith impeller, the bubble residence time of systems equipped with Smith impellers is
not different than those with Rushton impellers (Kiełbus-Rąpała and Karcz, 2010).
Furthermore, a direct and clear comparison of the two radial flow impellers in terms of
oxygen mass transfer coefficient does not exist.
Three known studies attempt to compare the oxygen mass transfer performance of
Smith and Ruhston impellers. A recent study used computational fluid dynamics to
estimate the kLa values for each impeller, but a direct comparison was not given in the
literature (Gimbun et al., 2009). Another study claims that the CD-6 (Smith) impeller
provides a higher oxygen mass transfer coefficient than does the Rushton impeller, but
the impellers being compared were not the same size (the Smith impeller had 15–25%
larger diameter), and actual kLa values are not reported; only correlations for the
coefficient and oxygen uptake rate of the cells in culture are given (Junker et al., 2000).
The most useful study for comparing oxygen mass transfer coefficients produced by
radial impellers was performed nearly a decade ago. The study claims that one curvedblade impeller provides better mass transfer performance than one Rushton impeller, but
adequate statistical analysis is not presented, nor are the complete dimensions of the
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vessel used (Lu and Wu, 2001). A clear and direct comparison of oxygen mass transfer
performance provided by Smith and Rushton impellers is given in this study.
Acting in an opposite manner to the radial flow impellers, axial flow impellers force
fluid downward or upward, parallel to the stirrer shaft, or axially. The fluid flow with a
down pumping impeller hits the bottom of the tank and is forced toward the tank wall, after
which it returns to the center to repeat the cycle. The blades of axial flow impellers are
angled less than 90° from the plane of rotation. Axial impellers have been shown to have
some advantages over six-blade turbines in that they simultaneously disperse gas and
suspend particles (Vardar-Sukan, 1986). This category includes the pitched blade turbine
and all down-pumping impellers. This type of impeller is useful when trying to prevent
settling and when the fluid is highly viscous.

Figure 3. Flow pattern from an axial impeller in a baffled tank
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2.4.2 Baffles
During normal agitation conditions, impellers create swirling motion of the liquid. This
swirling motion approximates solid-body rotation, where little mixing occurs (Myers et al.,
2002), unless disrupted by baffles. The main purpose of baffles is to turn this swirling
motion into a desired flow pattern, such as axial or radial fluid flow (Myers et al., 2002).
Without baffling, a stirring speed cannot be used to describe conditions because the relative
velocity between the impeller and the fluid is constantly changing (Finn, 1954). The
importance of baffles applies to solids suspension, and other mass transfer issues such as
bubble distribution and oxygen mass transfer. Along with improving mixing capabilities,
baffled systems also decrease vorticity, increase mechanical stability, and increase the
power input to the system (Myers et al., 2002). Although most fermentation vessels are
baffled (Finn, 1954), the baffling system must be considered as part of the process that
meets the specified objectives (Myers et al., 2002).
Standard, or “fully baffled,” systems typically include four flat plates that are vertically
oriented in the tank and spaced 90 degrees apart around the vessel. A six-baffle system has
been shown to be only slightly more effective than standard, while a three-baffle system is
claimed to be significantly less effective (Walas, 1990). The flat plates have a width of
1/10-1/12 of the tank diameter and run the full length of the tank (Finn, 1954; Myers et al.,
2002; Walas, 1990). Occasionally the baffles are flush with the tank wall, but most of the
time a gap equal to 1/6 of the baffle width is left between the edge of the baffle and the tank
wall (Myers et al., 2002). The gap allows the fluid to clean the baffles, preventing their
accumulation of solids.
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Standard baffling provides near-optimal performance and its widespread use allows easy
access to design support and scale-up data (Myers et al., 2002). Unfortunately, baffles may
not be feasible in all bioreactors, such as those that require sterility or require careful
draining processes. Some alternatives to the traditional configuration do exist, including
triangular and semicircular profiled baffles and flat-plate angled baffles (Myers et al., 2002).
2.5 Correction Methods
2.5.1 Probe Response Time
Accurate oxygen mass transfer values are required for accurate design aspect
comparisons. It has been shown that kLa estimates can be biased by the probe response
time of a dissolved oxygen probe (Philichi and Stenstrom, 1989). This error particularly
occurs if the inverse of kLa is of the same or lesser order as the response time of the
electrode (Garcia-Ochoa and Gomez, 2009). This is generally the case for highly aerated
fermentation vessels with traditional dissolved oxygen probes. Thus, the response time
of a dissolved oxygen probe is one of the largest sources of error in kLa determination. A
correction to the traditional probe response is required to determine correct oxygen
transfer values, which are used to evaluate or compare fermentor design aspects.
An accurate probe response time correction must account for all time constants in the
probe. A typical galvanic dissolved oxygen probe consists of a gas-permeable membrane
and an electrolyte fluid that leads to an anode and cathode. The anode and cathode
measure the oxygen dependent resistance in the electrolyte fluid. Two time constants
should be used to represent the separate times required for the oxygen to diffuse through
(1) the gas-permeable membrane and (2) the electrolyte fluid. Although the first-order
correction approach is widely used for probe time response correction (Garcia-Ochoa and
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Gomez, 2009; Mueller et al., 1967; Philichi and Stenstrom, 1989; Weiland and Onken,
1981), it does not account for both time constants. A correction model which includes
both time constants is needed for accurate kLa determination.
In order to correct for a slow probe response time, a dissolved oxygen probe system
can be compared to a spring, mass, damper system. Newton’s second law can be used to
describe a single degree of freedom spring mass damper system as follows:
(4)
where gc is a dimensional constant, m represents mass, s is displacement, t is time, ζd is
the damping coefficient, k is the deflection constant, and F(t) is the external force.
Even though a dissolved oxygen probe does not look or work the same as a springmass-damper system, the responses of the two systems are identical (Beckwith et al.,
1995). Equation 4 can be further simplified by using a time constant, τ. The time
constant represents the displacement (s) through a medium. The equation for the time
constant is given below:
(5)
This comparison to a spring, mass, damper system will be referred to throughout the rest
of this paper as a second-order model.
The second-order model described above can be applied to systems containing two
time constants. Beckwith et al. (1995) apply Equations 4 and 5 to a temperature probe
with two time constants. The temperature probe, in this case, has a jacket around it. The
two time constants represent the time constant of the jacket and the time constant of the
probe. The two time constants for a typical galvanic dissolved oxygen sensor could
represent the time required for the oxygen to dissolve through the gas-permeable
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membrane and to dissolve through the electrolyte fluid. Applying the equation given by
Beckwith to a dissolved oxygen probe yields:
(6)
where τ1 and τ2 are the two time constants, Cm is the measured oxygen concentration, and
C is the actual oxygen concentration.
Notice that if either of the time constants were zero, the equation would revert to a
first-order time response model. Because the second-order model for probe time
response, as presented in Equation 6, accounts for both sources of lag time, it is
theoretically more accurate than the traditional first-order model.
To use the second-order model for probe response correction, the two time constants
must be determined. An artificial step function in dissolved oxygen can be created to
determine the time constants in Equation 6. The response of the dissolved oxygen probes
can be fit to the general solution for a step response,
(7)
where C0 is the oxygen concentration at time zero and ζ is the ratio of the first and second
time constants (τ1/τ2).
It should be noted that this general solution is for a step response; if the dissolved
oxygen of the surrounding medium is changing, this solution becomes invalid and one
must revert to Equation 6. The use of a step function leads to the determination of the
two time constants needed to correct for probe response time.
Once the time constants are known, the derivatives from Equation 6 must be
determined. For the case of fermentors, the forcing function is not known and the
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solution must be computed by approximating the differentials in Equation 6. Numerical
approximations of the derivatives can be used, as outlined by Chapra and Canale (2006).
(8)
(9)
where h is the time step between each data point. The use of these numerical
approximations is the last piece needed to use Equation 6 to correct for probe response
time.
2.5.2 Transient Volume Rise
Accurate kLa determination by the unsteady-state method is also affected by a
transient gas volume rise. Oxygen transfer calculation is based on the measurement of
dissolved oxygen in a system that is not at steady-state. The volumetric mass transfer
coefficient, kLa, is meant to be a steady-state measurement of the mass transfer in a
reactor. Contrary to this assumption, when air is sparged into the tank, the liquid volume
rises due to gas hold-up. Even if this transient state is much smaller than the duration of
the dissolved oxygen measurement, it still has the possibility of introducing error into the
calculation of kLa. To explain the volume rise in the reactor, two possible models are
presented in this study. The study of this phenomenon will enhance the understanding of
mass transfer in stirred tanks and reduce the error introduced into mass transfer
calculations.
The effect of transient volume rise on dissolved oxygen measurement can follow one
of two behaviors. The governing equation for mass transfer is used to derive the
equations of transport in the transient system:
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(10)
where V(t) is the volume of gas in the tank at a specified time, A(t) is the total surface
area of gas bubbles in the tank at a specified time, and hm is the mass transfer coefficient.
Equation 10 is similar to Equation 1, except that the volume and surface area terms
are considered unsteady-state values that change with time. The investigation of the two
possible transient volume models will increase the understanding of their effect on
dissolved oxygen measurement.

Figure 4. A transient volume rise model in which bubbles travel as a front through the
tank until steady-state is reached

The first scenario, as sketched in Figure 4, allows for the assumption that the bubbles
travel as a front through the tank. Following this assumption, V(t) in Equation 10 is the
volume of liquid that contains bubbles, A(t) is the total surface area of all the bubbles,
and hm is the mass convection coefficient. A volumetric mass convection coefficient can
then be defined as:
(11)
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Next, α and β are introduced to describe the volume and surface area increase.
(12)
(13)
(14)
(15)
Making these substitutions into Equation 10 gives the following result:
(16)
After separating variables and integrating,
(17)
When the initial conditions are applied (at t = 0, C = 0),
(18)
However, Equation 18 only applies when t < t0. When t > t0,
(19)
A0 is the surface area of all the bubbles in the tank at steady-state and V0 is the volume of
the tank at t = t0. Equation 18, which describes the model in which bubbles travel as a
front through the tank, will be compared to a similar equation for the second model.
The second model assumes that the bubbles are spread evenly throughout the tank.
As time progresses, the bubbles gradually become denser until the amount of air leaving
the tank equals the amount of air entering the tank. The assumption in this model
indicates that the volume change is negligible and thus, V0 is used instead of V(t). The
same derivation procedure as in the first model was used to develop Equations 20 and 21.
for t<t0

(20)
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for t>t0

(21)

Note that Equation 20 is the same as Equation 18 if Equation 12 is substituted for α. The
model in which bubbles are spread evenly throughout the tank is described by Equation
20, which can be used to compare to the other model and steady-state conditions.

Figure 5. A transient volume rise model in which bubbles are evenly distributed
throughout the tank and increase in density until steady-state is reached

To analyze the two transient models, one must compare them to the steady-state
model. The steady-state model represents the hypothetical response if there were no
transient volume rise. This solution is given by the following:
(22)
Comparing the steady-state model in Equation 22 with the two scenarios discussed above
will increase understanding of the effect of transient volume rise on kLa determination.
2.6 Computational Fluid Dynamics
Computational fluid dynamics is the technology of using mathematical predictions to
form a model of fluid flow. Geometrical properties of the tank as well as fluid properties are
incorporated into a program which converts the inputs into a graphical representation of the
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hypothetical results. This is a very precise and sensitive process, but the results can be well
worth it. When the program has compiled, the output is a series of fluid velocities for
virtually every point in the tank. Using this method, fluid flow can be visualized from all
angles and flow patterns can be predicted. From the fluid velocities, a mixing time can also
be calculated. Heterogeneous systems can be modeled with some extra programming for
the addition of solid particles and/or gas bubbles.
Hulme and Kantzas attempted to validate the use of CFD to model a fluidized bed
reactor in 2005. They found that the obtained simulation agreed quite well with the
experimental observations made. The data for both situations matched qualitatively and
sometimes even quantitatively (Hulme and Kantzas, 2005). Much work is still needed in
order for CFD models to be used extensively to predict actual fluid flow properties for a
wide-range of bioprocessing applications.
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CHAPTER 3
MATERIALS AND METHODS
3.1 Experimental Set-Up
The experimental apparatus used for this study was uniquely designed with this
research in mind. As pictured in the schematics of Figure 6 and Figure 7, the vessel used
was a 250 L working volume clear, acrylic tank with a 3:1 height-to-diameter ratio. A
schematic of the tank in working position can be found in Figure A1. A more detailed
diagram of the tank cross-section is presented in Figure A2.

Figure 6. The overall experimental set-up: the 250-liter kLa test tank and adjacent
accessories
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Figure 7. The dimensions of the test tank with a Smith and two axial impellers (left), and
four Rushton impellers (right)

An interchangeable design allowed for the use of one, two, three, or four equally
spaced (separated by 360, 180, 120, or 90°) rectangular or rounded baffles (Figure 8).
Three different interchangeable gas sparging apparatuses were used in this study: a
perforated plate, ring sparger, and open pipe sparger (Figure 9). Four different impellers
were used, in differing combinations, for the study: Rushton, Smith, A320 (Lightnin,
Rochester, New York, USA), and HE3 (Chemineer, Dayton, Ohio, USA). The relative
design of the four different impellers is presented in Figure 10; an example of order and
spacing is presented in Figure 7. All the impellers used have a 0.34 impeller to tank
diameter ratio. Broadley James D140 dissolved oxygen sensors (Broadley James, Irvine,
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California, USA) were placed in five vertical locations along one edge of the tank, as
seen in Figure 7. The five probes were connected to a DASGIP PH8PO8 data acquisition
unit (DASGIP, Jülich, Germany), which displayed and recorded the values on an adjacent
computer. The tank was also connected to compressed air and nitrogen, which were used
for the unsteady-state oxygen mass transfer determination method. The experimental unit
set up is presented in Figure 6.

Figure 8. Two baffle types; a) traditional rectangular baffle, and b) rounded baffle
3.2 Test Matrices
For a complete description of all the tests which were performed, please refer to
Appendix B.
3.2.1 Sparger Comparisons
Twenty tests were run to compare sparger types. For each test, the sparger and drive
shaft were both centered and four flat baffles were present. The mixing speed and
aeration rate were 450 rpm and 140 lpm, respectively.
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Figure 9. Gas sparging devices; a) perforated plate sparger, b) modified ring sparger, and
c) open-pipe sparger

Figure 10. Solid models of a) a Rushton impeller, b) a Smith impeller, c) an A320
impeller, and d) an HE3 impeller
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Table 1. Experimental matrix for sparger type comparison
Sparger
Test Number
Impeller Configuration
Type
AAR, HHR, AAS, HHS,
1-6
Ring
AARS, HHRS
AAR, HHR, AAS, HHS,
7-12
Open Pipe
AARS, HHRS
AAR, HHR, AAS, HHS,
13-18
Perforated
AARS, HHRS
19
Ring
RRRR
20
Open Pipe
RRRR

Number of
Probes

Repetitions

3

1

3

1

3

1

4
4

3
3

To examine the effect of sparger location on oxygen mass transfer, the following tests
were run. Four flat baffles, four Rushton impellers, and an open-pipe sparger were used
for all the tests in this set. The mixing speed and aeration rate were 450 rpm and 140
liters per minute (lpm), respectively. For the offset location, the specified part of the tank
(sparger or drive shaft) was shifted about 9 centimeters closer to the dissolved oxygen
probes.

Table 2. Experimental matrix for sparger location comparison
Number of
Test Number Sparger Location Drive Shaft Location
Probes

Repetitions

21

Centered

Centered

4

3

22

Offset 3.5”

Centered

4

3

23

Offset 3.5”

Offset 3.5”

4

3

3.2.2 Baffle Comparisons
Round and flat baffles were compared using the tests shown below. For all twenty
tests, four baffles were used. The sparger was centered in the tank, as was the drive shaft.
The mixing speed and aeration rate were 450 rpm and 140 lpm, respectively.
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Table 3. Experimental matrix for baffle type comparison
Sparger
Test
Baffle
Impeller
Type
Number
Type
Configuration
Ring
AAR, HHR, AAS,
1-5
Round
HHS, AARS
Ring
AAR, HHR, AAS,
6-10
Flat
HHS, AARS
Perforated
AAR, HHR, AAS,
11-15
Round
HHS, AARS, HHRS
Perforated
AAR, HHR, AAS,
16-20
Flat
HHS, AARS, HHRS

Number of
Repetitions
Probes
4

1

4

1

4

1

4

1

The effect of the number of baffles on oxygen mass transfer rate was studied using
the experiments listed below. Traditional flat baffles that were equally spaced around the
perimeter of the tank (at 360, 180, 120, or 90° from one another) were used for all four
tests. A centered open pipe sparger and four Rushton impellers on a centered drive were
also used. The mixing speed and gas flow rate were 450 rpm and 140 lpm, respectively.

Table 4. Experimental matrix for baffle number comparison
Test Number

Number of Baffles

Number of
Probes

Repetitions

21

1

4

3

22

2

4

3

23

3

4

4

24

4

4

3

3.2.3 Impeller Comparisons
Several impeller comparisons were made by using the matrix of experiments below.
All tests were performed with a centered open pipe sparger and four flat baffles. The
impellers were mounted on a centered shaft. The mixing speed and gas flow rate were
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450 rpm and 140 lpm, respectively. Three probe locations were used in each test. The
order in which tests were run was randomized using a random number generator. Each
run was performed three subsequent times. The results of the impeller comparison
testing were analyzed using statistical software, as described in a later section.

Table 5. Experimental matrix for impeller configuration comparison
3 Impeller Configuration
4 Impeller Configuration
A320
A320
A320
Run 1
A320
Run 11
Rushton
Rushton
Rushton
HE3
HE3
HE3
Run 2
HE3
Run 12
Rushton
Rushton
Rushton
A320
A320
Rushton
Run 3
Rushton
Run 13
Rushton
Rushton
Rushton
HE3
HE3
Rushton
Run 4
Rushton
Run 14
Rushton
Rushton
Rushton
Rushton
Rushton
Rushton
Run 5
Rushton
Run 15
Rushton
Rushton
Rushton
HE3
HE3
HE3
Run 6
HE3
Run 16
Smith
Smith
Smith
A320
A320
A320
Run 7
A320
Run 17
Smith
Smith
Smith
HE3
HE3
Smith
Run 8
Smith
Run 18
Smith
Smith
Smith
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Run 9

A320
Smith
Smith

Run 19

Run 10

Smith
Smith
Smith

Run 20

A320
Smith
Smith
Smith
Smith
Smith
Smith
Smith

3.3 Probe Response Correction
Before data correction could be applied to dissolved oxygen data, the time constants
for the probe were determined. To accomplish this, the probes were subjected to a
dissolved oxygen step response. Each probe was allowed to reach equilibrium in a beaker
containing nitrogen-saturated water, then immediately transferred to a beaker containing
air-saturated water. The measured values of the probe, which represent the probe’s
response to the oxygen step function, were recorded electronically. This was repeated
several times for each probe. A FORTRAN program was written to fit each recorded
data set to the general solution for a step response shown in Equation 7. This was
accomplished by changing the time constant values and minimizing the error between the
calculated and measured values. The time constants selected for further calculations
were averages of those that produced the least amount of error in the calculated values.
For the second-order approximations, the determined time constants were τ1 = 1.582 and
τ2 = 23.748 seconds. These time constants were used for probe response correction.
To examine the validity of the second-order probe response correction method, the
two time constant correction model was applied to data from the oxygen step function.
Examining the corrected response and how closely it mimics a step response shows the
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effectiveness of the correction. The low error produced by this process, as presented in
Figure 15, validates the use of such correction methods on oxygen mass transfer data.
Since the use of a second-order model was now validated, the effective range of the
model was determined. To accomplish this, three separate oxygen mass transfer
scenarios were examined. Based on the findings of Philichi and Stenstrom (1989), it was
expected that the error in kLa estimation would increase as the value of true kLa
increased. Three separate oxygen mass transfer scenarios were examined in which the
expected oxygen mass transfer coefficients were low, medium, and high. These
differences in kLa were expected based on the equipment capabilities and previous
experience with different mixing speeds and gas flow rates. The low, medium, and high
tests were performed with mixing speeds of 250, 300, and 450 rpm and 140, 170, and 170
lpm, respectively. Oxygen mass transfer testing was performed with four traditional
baffles, an open pipe sparger, and four Rushton impellers.
3.4 Transient Volume Correction
To study the effect of transient volume rise on kLa measurement, Equations 18 and 20
were compared to Equation 22. Graphs of the steady-state DO concentration (Equation
22) were plotted against the transient DO concentration (Equations 18 and 20) for several
values of α and β. The plots were used to study the effects of changing α and β. These
plots were then used to calculate the expected kLa for both scenarios (steady-state and
transient). Upon inspection of the kLa values, it was decided to study how the kLa
measurement is affected by how many of the data points used to measure kLa fall within
the transient period. These results were compared for differing values of α and β and
regression curves were computed to explain how the kLa data is affected.
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To model the data, a 250 L stirred tank reactor with a 47.4 centimeter diameter and a
3:1 height to diameter ratio was assumed. Based on experimental observations and rough
measurements, the transient increase was assumed to be between 18 and 45 liters rise in
volume over a period of 8 seconds. Based on a previous in-house study using a highspeed camera and a variety of spargers with no agiation, the average bubble size was
assumed to be between 1 and 5 mm. Using these numbers, α is assumed to have a range
of 0.29 < α < 0.42 while β is assumed to have a range of 1.0 < β < 1900.
Using the models above, a correlation was developed between the number of data
points that lie within the transient period and the resulting increase in kLa which should
be applied to obtain a true kLa value. For most of the experiments in the study, only a
very small (12%) change in kLa was observed after the transient volume correction was
applied. Thus, only the data involved in the impeller comparison studies was corrected
for transient volume rise.
3.5 kLa Determination
The unsteady-state method was used to determine the oxygen mass transfer
coefficient. For each set of operating conditions, the tank was first sparged with nitrogen
gas and allowed to reach equilibrium. The tank was then sparged with air at the selected
gas flow rate and mixing speed. Dissolved oxygen changes with time were recorded
electronically into an excel spreadsheet, as can be seen in bold in the example
spreadsheet in Figure 11.
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Figure 11. An example spreadsheet of raw data generated by the kLa studies
Dissolved oxygen data was copied from the raw data spreadsheet and pasted into a
spreadsheet used to correct the data and determine kLa. An example of this spreadsheet,
with the values from the raw data spreadsheet, can be seen in Figure 12. The
spreadsheet estimated the first and second derivatives of the data according to Equations
8 and 9, then used the pre-determined time constant values to correct the dissolved
oxygen values, following the second-order method of Equation 6.
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Figure 12. An example spreadsheet used for kLa determination
From the corrected curves, kLa was calculated according to the unsteady-state method
by plotting ln (C*-C) (using only corrected DO values between 15 and 85% saturation)
versus time, as seen in Figure 13. For the impeller comparison studies, the kLa values
were then corrected for transient volume rise by multiplying by the factor obtained by
correlation to the number of data points within the transient period. A more detailed
description of how this was accomplished can be found in Appendix C.
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kLa Determination
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Figure 13. An example plot used to determine kLa

3.6 Statistical Analysis
For analysis of the hardware comparison data, advanced statistical analysis was
utilized. First, the factors causing variances were identified. A summary of the factors
and their characteristics was developed for each set of tests. An example of such a
summary, given for impeller configuration comparison, is shown in Table 6. A statistical
model was developed based on the factor summary. An example of a statistical model is
given as Equation 23. This example model is based on the impeller comparison factor
summary of Table 6. As all the comparisons did, the model follows a factorial design
with two factors; the factor in question and probe location. For all cases, the random
error term was assumed to be independent and identically distributed, mutually
independent, and approximately normal in distribution with mean 0 and standard
deviation σ2.
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Table 6. A description of the factors involved in impeller comparison studies
Factor
Number of Levels Random or Fixed Treatment Structure
Impeller configuration
2 or 3
Fixed
Crossed w/ Probe
Probe location
5
Fixed
Crossed w/ Config.
Observations
3
-

(23)
where:
Yijk = the value of the kth observation that got jth level of factor P and the ith level of factor
C
µs = the overall or grand mean
Ci = the effect due to the ith level of factor C
Pj = the effect due to the jth level of factor P
(CP)ij = the effect due to the interaction of ith level of factor C and the jth level of factor P
εijk = the residual or random error term
SAS (SAS Institute, Cary, NC), a statistical analysis software package, was used to
analyze the data. For each comparison set, the PROC GLM method was used to extract
the residuals. Since the residual diagnostics for the original data showed
heteroscedasticity and some moderate outliers, a log transformation was performed. On
some occasions, the removal of outliers was performed as a last resort. The rare removal
of outliers is accounted for in the software. The residuals of the transformed data were
approximately normal, as seen in the histogram with normal overlay, normal quantile
plot, box plot, and formal tests for normality. The transformed data was also
homoscedastic, since the plots of residuals versus factor level did not violate the “five
times” rule, and the plot of residuals versus predicted value showed no pattern or
structure.
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Analysis of variance (ANOVA) was performed for each comparison set. A factor
was considered significant if the p-value was less than 0.05. REGWQ grouping was
generated to assist in the visualization of significant differences in the comparisons.
3.7 Computational Fluid Dynamics
For each desired CFD model, a solid model of the geometry was created using
SolidWorks (Dassault Systémes SolidWorks, Concord, MA). The models were then
imported as Step files into Gambit (Gambit Software, Sacramento, CA), which was used
to “create a mesh” of the fluid volume in the tank and to apply boundary conditions to the
surfaces and interior regions of the volume. The meshes were then exported to FLUENT
(ANSYS, Canonsburg, PA), a CFD software package.

Figure 14. An example of a "mesh" surrounding a Rushton impeller

A pressure-based approach was used to calculate the pressure flow field in the
computational fluid dynamics models. For coupling of the velocity and pressure fields,
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the SIMPLE and PISO methods were used for the steady-state and transient solutions,
respectively. The discritization schemes used for the convection terms of each governing
equation are shown in Table 7. The realizable k-ε model was used to model turbulence.
A rotating reference frame was used to create a moving boundary in the CFD calculation.

Table 7. Discritization schemes used in the convection terms of CFD
Convection Term
Momentum
Turbulent Kinetic Energy
Turbulent Dissipation Rate
Tracer Fluid Diffusion
Transient Formulation

Discritization Scheme
2nd Order Upwind
2nd Order Upwind
2nd Order Upwind
1st Order Upwind
1st Order Upwind

For the desired impeller configurations, the steady-state flow field was calculated and
visually displayed. This allowed the visualization of dead zones and other areas of poor
mixing. Thus, the pictures give information on how each impeller configuration moves
fluid through the tank and aids in determining the effectiveness of different impeller
configurations’ capabilities.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1 Probe Response Time
When the probe response correction was applied to the step function data, results
similar to those shown in Figure 15 were obtained. The average error for the corrected
step response was found to be 4.05%. The measured values slowly rise to saturation due
to the time response of the probe. The corrected values, however, rise suddenly at the
beginning of the experiment and are maintained at saturation. This sudden rise, which
closely matches a step response, suggests that the second-order time response model used
to correct the data is satisfactory.

Figure 15. Graph of dissolved oxygen probe response to a step function. The hollow and
solid markers represent the measured and corrected values, respectively

The second-order time response model was used to correct data obtained from three
oxygen transfer rate (kLa) tests. The results, shown in Figure 16, indicate that the
corrected curves reach saturation much more quickly than the measured curves. This
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observation suggests that oxygen mass transfer rates calculated from raw dissolved
oxygen measurements are under-estimating the true oxygen mass transfer potential of the
system. This assumption was confirmed by calculating the overall oxygen mass transfer
coefficient, or kLa, for each curve. These values, as presented in Table 8, also suggest
that the increase of kLa obtained by probe response time correction is dependent on the
oxygen mass transfer rate itself. That is, the effect of the correction factor on kLa
increases as kLa itself increases.

Figure 16. Graph of dissolved oxygen response during three separate oxygen transfer rate
determination tests. The graph shows measured and corrected values, represented by
hollow and solid markers, respectively. The low, medium and high kLa tests are
represented by circle, diamond, and triangle markers, respectively.

Table 8. KLa values for three different scenarios that were calculated using measured and
corrected data points
Low
Medium
High
Measured
93.6
115.2
176.4
Corrected
234
306
651.6
Difference
150%
165.6%
269.4%

47
4.2 Transient Volume Rise
A correlation was found between the measured kLa value and the changing values of
α and β. For a constant β, α showed about a 40% increase in kLa over the range: 0.29 < α
< 0.42. For a constant α however, β showed an 1800% increase in kLa over the range:
100 < β < 1900. This shows, as previously discussed, that for a constant volume of air, if
the bubble size becomes smaller (i.e. more surface area) the kLa will increase
dramatically. However, an increase in air volume at a constant bubble size will not have
as large of an effect on the oxygen mass transfer value. This indicates that the size of the
bubbles is more important than the quantity of bubbles.
The unsteady-state method uses a linear curve fit of the natural log of the DO data to
find the kLa for a particular data set. The models generated from differing  and β
indicate that the increase in kLa measured from the transient data is dependent on how
many data points fall within the transient time period. This is shown in Figure 17, where
the following definitions are used:
(24)
(25)
KLat is the kLa measured from the transient model and kLass is the kLa measured from the
steady-state model.

48

Figure 17. Fractional increase of kLa versus fraction of data points used in linear
interpolation

The correlation in Figure 17 is represented by the following fourth order polynomial:
(26)
When using the unsteady-state method, measuring kLa becomes more accurate when
more data points are used to determine kLa. By assuming that the data used goes from 0
to 95 percent of oxygen saturation, a correlation can be made to show how kLa is affected
by this transient period. A new variable, t95, was defined as the time required to reach
95% oxygen saturation. The mass transfer coefficient can be substituted into Equation 22
to yield the following:
(27)
The final conditions where t=t95 and

can be applied to get
(28)
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Combining Equations 25 and 28 gives an equation for the percent of time contained
within the transient period
(29)
where ttrans is the time of the transient period. As shown in Equation 29, the time of the
transition period can greatly affect the variability from the steady-state model.

Figure 18. Fractional increase of kLa for different values of kLa and t95
Figure 18 shows how the data is affected by differing transient times and kLa values.
Depending on how large the kLa measurement is and how many data points fall within
the transient period, the percent error in calculated kLa ranged from 0% to 45%. The
transient volume rise correction is applicable to any kLa measurement technique that
involves a volume rise due to increased suspended gas bubbles during data collection.
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4.3 Sparger Comparisons
4.3.1 Sparger Location
The results of the sparger and drive shaft location tests are shown in Figure 19.
Based on the REGWQ grouping presented in Table 9, the data suggests that having both
the sparger and drive shaft centered in the tank provides the maximum oxygen mass
transfer of the three location options. When both the drive shaft and sparger are centered
in the tank, the bubbles leaving the gas sparger are pulled into the bottom-most impeller
and dispersed into smaller bubbles. Because of their high surface area to volume ratio,
the smaller bubbles facilitate a higher oxygen mass transfer capability. Thus, when the
sparging device is not located below the drive shaft, a decrease in oxygen mass transfer
coefficient is observed. Although dispersion of gas bubbles still occurs when both the
drive shaft and sparger are offset in the tank, the flow pattern of the entire tank is
disrupted. Uneven mixing zones contribute to an overall decrease in mixing efficiency,
and thus oxygen mass transfer coefficient.
4.3.2 Sparger Type
Identifying the optimal sparging device is a crucial part of designing a single-use
fermentor. The results of the tests outlined in Section 2.2.1 are shown in Figure 20 and
Figure 21. When all three sparging devices are compared with one another, no
significant differences are observed, as determined by an ANOVA test and REGWQ
grouping, shown in Table 10. The results of comparing only the ring and open pipe
spargers are presented in Figure 21. The statistical analysis shows that an open pipe
sparger gives a significantly higher kLa than does a ring sparger, as presented in the
REGWQ grouping of Table 11. Because the three spargers tested produce relatively
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large gas bubbles, the bubbles quickly coalesce while being draw into the flow path of the
lower-most impeller, where they are then dispersed into smaller bubbles. Thus, the effect
of the sparger type, specifically the distribution of gas flow streams, can only be slightly
distinguished from the mixing effects within the tank, as in the case show in Figure 21
and Table 11.
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kLa (1/hr)
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Both Offset
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Offset Drive, Centered Sparge

300
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0
Sparger and Drive Shaft Location

Figure 19. Bar chart comparing sparger and drive shaft locations with all other factors
held constant. Error bars represent +/- one standard deviation.

Table 9. REGWQ grouping of sparger and drive shaft locations. Locations were centered
sparger and centered drive shaft (CC), offset sparger and offset drive shaft (OO), and
offset sparger and centered drive shaft (OC).
Means with the same letter are not
significantly different.
REGWQ Grouping

Mean N location

A

6.33644 10 CC

B

5.55492 12 OO

B

5.52025 12 OC
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Figure 20. Bar chart comparing three sparger types at six different impeller
configurations.

Table 10. REGWQ grouping of sparging device comparison results for six different
impeller configurations
Means with the same letter are not
significantly different.
REGWQ Grouping

Mean

N sparge

A

6.1406 18 Ring

A

6.0647 18 Open-Pipe

A

5.8762 18 Perforated
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Figure 21. Bar chart comparing two sparger types for a four-Rushton impeller
configuration. Error bars represent +/- one standard deviation.

Table 11. REGWQ grouping of sparging device comparison results for a four-Rushton
impeller configuration
Means with the same letter are not
significantly different.
REGWQ Grouping Mean N sparge
A

6.4338 12 Open

B

6.1631 12 Ring
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4.4 Baffle Comparisons
4.4.1 Baffle Geometry
The results of the baffle geometry testing using a ring sparger are shown in Figure 22.
The data clearly suggests that the rounded baffle geometry used for these tests does not
compare in oxygen mass transfer capability to the traditional rectangular baffles used.
The suggestion is verified by the REGWQ grouping shown in Table 12. This finding is
not surprising since circular tank flow would not likely be adequately disturbed by a
much smaller, smooth rounded baffle. The smaller height of the rounded baffle geometry
compared to the rectangular geometry also likely contributed greatly to the lack of
adequate oxygen mass transfer performance.
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Figure 22. Bar chart comparing rounded and flat (traditional) baffles for a ring sparger at
five different impeller configurations
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Table 12. REGWQ grouping of baffle geometry comparison results for a ring sparger
Means with the same letter are not
significantly different.
REGWQ Grouping

Mean N baffle

A

6.04085 20 F

B

4.64625 20 R

4.4.2 Baffle Quantity
Figure 23 shows how baffle quantity affects kLa. The addition of each subsequent
baffle produced a significant increase in kLa (as presented in the REGWQ grouping
shown in Table 13) between one and three baffles. The upward trend was expected, since
more disturbance of the flow causes more turbulence, better mixing, and less resistance to
oxygen mass transfer. The data also suggests, however, that there was a significant
decrease when increasing from three to four baffles. This is in contrast to that stated by
Walas (1990); however no data or citations were provided to support the statement.
Certainly the amount of turbulence which can be caused by adding baffles has a limit,
since an infinite amount of baffles would result in a return to circular flow. Due to the
inherent symmetry, the use of four baffles creates small mixing zones in the four
quadrants of the tank, preventing bulk mixing of the entire tank. This would not occur
with the use of three or less baffles because the spacing of the impellers is large enough
such that the zones can still mix with one another. A new dimensionless number, the
baffle ratio, can be defined as the number of baffles divided by the height to diameter
ratio. Although experimentation with different tank sizes and baffle quantities is needed
to verify the relationship, it appears as though the optimum baffle ratio is around one.

56
900
800
700
kLa (1/hr)

600
One Baffle

500

Two Baffles

400

Three Baffles

300

Four Baffles

200
100
0
Baffle Quantity

Figure 23. Bar chart showing the effect of baffle quantity on kLa. Error bars represent +/one standard deviation.

Table 13. REGWQ grouping of baffle quantity comparison results. The groups means
represent the average natural logarithm of each group.
Means with the same letter are not
significantly different.
REGWQ Grouping

Mean

N baffle

A

6.43806 16 Three

B

6.18388 12 Four

C

5.59613 12 Two

D

4.46520 12 One

4.5 Impeller Comparisons
4.5.1 Impeller Quantity
The results of the impeller quantity testing for a ring sparger are presented in Figure
24 and Figure 25. The majority of the individual comparisons (7 of 10) resulted in a
significantly higher kLa produced by the four-impeller configuration. To verify the
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experimental data, CFD models of three Rushtons and four Rushtons were generated and
are pictured in Figure 26. In the three impeller model, regions of low fluid velocity are
observed between the impellers. Slightly smaller dead zones are also observed along the
tank edges in this model. The four impeller model, however, has very even fluid
velocities and dead zones are not observed. To better translate the results of this section,
a new dimensionless number, the impeller quantity ratio (IQR), can be defined as the
number of impellers divided by the height-to-diameter ratio. The results presented below
suggest that an IQR of 1.33 instead of 1.0 is beneficial to mixing and oxygen mass
transfer. At a constant mixing speed, a higher IQR indicates a higher power input to the
system. This additional power increases the mixing capability of the vessel, and
furthermore increases the oxygen mass transfer coefficient. Additional views of the CFD
models are presented in Figure D5 and Figure D6. In the results presented below, “A,”
“H,” “R,” and “S” represent A320, HE3, Rushton, and Smith impellers, respectively.
The representation of “X” can be found in each figure caption.
4.5.2 Impeller Mixing Type
Figure 27 shows the results of testing axial versus radial impellers. Table 14 and
Table 15 show the significant differences between the groups presented in the figure.
The results indicate that as axial impellers are replaced with radial impellers, oxygen
mass transfer capability increases. CFD models were generated for each of the three
impeller configurations and can be seen in Figure 28. When only two Rushton impellers
are used, high fluid velocities are observed close to the center of the tank at the impeller
tips while areas closer to the edges of the tank have very low fluid velocities. Thus, there
are dead zones on the outer perimeter of the fluid, preventing the tank to be well-mixed
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and preventing the system from having adequate oxygen mass transfer. In the model
with three Rushton impellers, the dead zones observed are slightly smaller than the model
with two Rushtons and concentrated mostly at the top of the tank near the axial impeller.
The model with four Rushtons has a fairly even spread of fluid velocities and very few
areas of low fluid velocity. In conjunction with the statistical data, the CFD models
suggest that the use of radial impellers is preferred to the use of axial impellers for the
optimization of mixing and oxygen mass transfer capability. At a given mixing speed,
radial impellers require more power than axial impellers because of their geometry and
interaction with the fluid. This higher power draw corresponds to more energy being
contributed to mixing and bubble dispersion, two parameters which are strongly
associated with oxygen mass transfer. Additional views of these CFD models are located
in Figure D1, Figure D3, and Figure D6.
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Figure 24. Bar chart comparing Rushton impeller configurations with either three or four
total impellers. Impellers in series are listed from top to bottom. An “X” represents
either one or two Rushton impellers. Error bars represent +/- one standard deviation.
*The difference between these groups is statistically significant with a p-value < 0.05
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Figure 25. Bar chart comparing Smith impeller configurations with either three or four
total impellers. Impellers in series are listed from top to bottom. An “X” represents
either one or two Smith impellers. Error bars represent +/- one standard deviation.
*The difference between these groups is statistically significant with a p-value < 0.05

60

Figure 26. CFD model of three Rushton impellers (left) compared to four Rushton
impellers (right)
4.5.3 Radial Impeller Style
As outlined in Section 2.2.3, several comparisons were made between Rushton and
Smith impellers, the results of which are presented in Figure 29 and Figure 30. Only two
of the ten comparisons were shown to have a significant difference between Rushton and
Smith impellers, indicating that Rushton and Smith impellers are not likely to produce
different oxygen mass transfer coefficients.

As seen in Figure 31, CFD models were

generated of four Rushtons and four Smith impellers. Some differences are observed in
the magnitude of fluid velocities, especially at the impeller tips. Since both systems
appear to be well-mixed, however, the fluid velocity differences do not affect the oxygen
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mass transfer coefficient. Additional views of these two CFD models are presented in
Figure D6 and Figure D7.
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Figure 27. Bar chart comparing axial and radial impellers used in a four-impeller
configuration with Smith and either A320 or HE3 impellers. Error bars represent +/- one
standard deviation.

Table 14. REGWQ grouping comparing axial and radial impellers in a four-impeller
configuration with Smith and A320 impellers. Group means represent the average
natural logarithm of each group.
Means with the same letter are not
significantly different.
REGWQ Grouping Mean N config
A

5.9881 9 SSSS

B

5.7104 9 ASSS

C

5.3568 9 AASS
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Table 15. REGWQ grouping comparing axial and radial impellers in a four-impeller
configuration with Smith and HE3 impellers. Group means represent the average natural
logarithm of each group.
Means with the same letter are not
significantly different.
REGWQ Grouping

Mean

N config

A

5.98810

9 SSSS

B

5.74753

9 HSSS

C

5.38242

9 HHSS

Figure 28. CFD model comparing configurations with two (left), three (middle), or four
(right) Rushton impellers of four total impellers

63
600
500

kLa (1/hr)

400
300
Rushton
Smith

200
100
0
XXXX

AXXX

HXXX

AAXX

HHXX

Impeller Configuration

Figure 29. Bar chart comparing Smith and Rushton impeller configurations with four
total impellers. Impellers in series are listed from top to bottom. An “X” represents
either a Rushton or a Smith impeller. Error bars represent +/- one standard deviation.
*The difference between these groups is statistically significant with a p-value < 0.05
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Figure 30. Bar chart comparing Smith and Rushton impeller configurations with three
total impellers. Impellers in series are listed from top to bottom. An “X” represents
either a Rushton or a Smith impeller. Error bars represent +/- one standard deviation.
*The difference between these groups is statistically significant with a p-value < 0.05
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Figure 31. CFD model of four Rushton impellers (left) compared to four Smith impellers
(right)
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CHAPTER 5
CONCLUSIONS

The results of sparger testing indicate that locating the sparger away from the center
of the tank is detrimental to the oxygen mass transfer capability. Locating the drive shaft
away from the center of the tank is also detrimental to oxygen mass transfer capability.
The apparatus used to sparge gas does not strongly affect oxygen mass transfer, since the
results of three different spargers were all very similar. Ring and open-pipe spargers
seemed to provide slightly better oxygen mass transfer than did a perforated sparger.
The data obtained from baffle testing strongly indicate that rounded baffles used in
this study do not perform as well as traditional, rectangular baffles when comparing
oxygen mass transfer capability. The data also suggests that the optimal baffle ratio to be
used is around one.
Impeller configuration testing suggested that for the scale and geometry used in this
study, an impeller quantity ratio of 1.33 significantly increases the oxygen mass transfer
coefficient compared 1.00. The results also suggest that radial impellers are more
equipped for fermentation mixing and high oxygen mass transfer rates than are axial
impellers. Lastly, results showed no significant difference between Rushton impellers
and the closely-related Smith impeller in four different scenarios.
The conclusions drawn in this work have strong implications in the scale-up and
design of fermentation vessels. In general, scale-up is performed with a particular design
parameter, such as geometry, held constant. Geometric scale-up is most common, but
other parameters, such as oxygen mass transfer rate and impeller tip speed can also be
crucial scale-up factors. Unless the organisms being used are particularly sensitive to
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shear stress or have unusually high oxygen demand, geometric scale-up is recommended.
Because of its simplicity in regards to vessel design, geometric scale-up is a good starting
point that allows for any needed minor changes in design later on. Based on the findings
previously discussed, the following recommendations apply to the design and scale-up of
fermentation vessels.
Although perforated plate spargers produce very small gas bubbles and likely high
oxygen mass transfer values, a ring sparger is appropriate for most fermentation systems.
The ring sparger has fewer problems with fouling and a lower pressure drop than a
perforated plate. However, in very large scale fermentations where bubble dispersion or
adequate mixing is not possible, perforated plates would be the preferred device. For
single-use systems, an open-pipe sparger is also sensible, since it is relatively easy to
manufacture and provides similar mass transfer rates as a ring sparger. If possible, the
drive shaft and sparging apparatus should be centered in the vessel. If centering of either
is not possible, every effort should be made to align the two in such a way that bubbles
are adequately dispersed by the bottom-most impeller, accommodating for the necessary
bubble dispersion.
The use of both proper baffles and efficient impellers are needed to achieve adequate
mixing. Traditionally designed baffles are strongly recommended for bulk fluid flow
disruption. The height of each baffle should be 1/10 – 1/12 of the vessel diameter. It is
recommended that three baffles be used, equally spaced around the perimeter of the tank.
When scaling up, the size of the impellers relative to the tank diameter should remain
constant at about 1/3. Mixing speed should be adjusted to a constant impeller tip speed
and to accommodate the specific organism to be used. Based on the findings of this
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research, the total number of impellers used should exceed the height to diameter ratio
(H/D) of the tank. Radial impellers (either Rushton or Smith turbine impellers) are the
best option for achieving high degrees of mixing and oxygen mass transfer. In the case
of process-specific needs such as solids suspension, head-space gas incorporation, or
foam disruption, additional impellers or impellers with different geometries may be
necessary.
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CHAPTER 6
FUTURE RESEARCH

To extend the breadth of the study described in this work, similar studies should be
performed at a variety of scales. The results obtained at different scales can be
mathematically related to the results of this study in order to derive an empirical
correlation for optimizing oxygen mass transfer based on aeration and mixing equipment.
In order to optimize the mixing and aeration properties of cell culture vessels, the
current study could also be extended to existing single-use bioreactors. This extension
would aid in the design development of improved systems with applications in
pharmaceutical and medical technologies.
Novel sparging devices could be investigated to determine if they are more easily
incorporated into single-use systems or increase the oxygen mass transfer capabilities of
single-use systems. Relatively few sparging types of many were investigated in this
work. An optimization of this particular piece of equipment could certainly prove useful
to increase efficiency and ease of manufacturing.
Extending the studies regarding the effect of baffle quantity on oxygen mass transfer
may be a worth-while endeavor. A correlation of this kind would increase knowledge of
the importance of baffles and the fluid flow changes that result from their use. Five or six
baffles should be compared to three or four. Several replications may also prove useful
in determining the true optimal number of baffles to be used in a fermentation vessel.
For the sake of time and resources, many impeller geometries were not included in this
study. Other impeller geometries may be more energy efficient or provide greater
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oxygen mass transfer than those presented in this study. This possibility should certainly
be explored in order to form a complete survey of possible vessel design configurations.

71
REFERENCES

Adamiak R, Karcz J. 2007. Effects of type and number of impellers and liquid viscosity
on the power characteristic of mechanically agitated gas-liquid systems. Chem Pap
61:16-23.
Alves SS, Vasconcelos JMT. 1996. Optimisation of agitation and aeration in fermenters.
Bioprocess Eng 14:119-123.
Amanullah A, Buckland BC, Nienow AW. 2004. Mixing in the fermentation and cell
culture industries. In: Paul EL, Atiemo-Obeng VA, Kresta SM, editors. Handbook of
industrial mixing: science and practice. New York: John Wiley & Sons. 1071-1103.
Banerjee UC. 1993. Effect of stirrer speed, aeration rate, and cell mass concentration on
volumetric oxygen transfer coefficients (kLa) in the cultivation of Curvularia lunata in a
batch reactor. Biotechnol Tech 7:733-738.
Beckwith TG, Marangoni RD, Lienhard JHV. 1993. Mechanical measurements, 5th
edition. Reading, Mass: Addison-Wesley Publishing Company Incorporated.
Boehm J. 2007. Linking stainless and single-use systems. Genet Eng News 27: 42-43.
Chapra SC, Canale RP. 2006. Numerical methods for engineers, 5th edition. New York:
McGraw Hill.
Charles I, Lee J, Dasarath Y. 2007. Single-use technologies – a contract manufacturer’s
perspective. BioPharm Int 20: A31-A36.
Cooke M, Heggs PJ. 2005. Advantages of the hollow (concave) turbine for multi-phase
agitation under intense operating conditions. Chem Eng Sci 60:5529-5543.
DePalma A. 2006. Bright sky for single-use bioprocess products. Genet Eng News 26:
50-53.
Doran PM. 1995. Bioprocess engineering principles. London: Elsevier Academic Press.
Eibl D, Eibl R. 2009. Bioreactors for mammalian cells: general overview. In: Eibl R, Eibl
D, Pörtner R, Catapano G, Czermak P, editors. Cell and tissue reaction engineering.
Berlin: Springer. 55-82.
Finn RK. 1954. Agitation-aeration in the laboratory and in industry. Bacteriol Rev 18(4):
254-274.

72
Folescu E, Galaction A-I, Caşcaval D. 2007. Optimization of mixing in stirred
bioreactors 3. Comparative analysis of shear promoted by the radial impellers for
anaerobic simulated broths. Rom Biotechnol Lett 12(4):3339-3350.
Galaction A-I, Cascaval D, Oniscu C, Turnea M. 2004. Prediction of oxygen mass
transfer coefficients in stirred bioreactors for bacteria, yeasts, and fungus broths.
Biochem Eng J 20:85-94.
Garcia-Briones MA, Chalmers JJ. 1994. Flow parameters associated with hydrodynamic
cell injury. Biotechnol Bioeng 44:1089-1098.
Garcia-Ochoa F, Gomez E. 2009. Bioreactor scale-up and oxygen transfer rate in
microbial processes: an overview. Biotechnol Adv 27: 153-176.
Gimbun J, Rielly CD, Nagy ZK. 2009. Modeling of mass transfer in gas-liquid stirred
tanks agitated by Rushton turbine and CD-6 impeller: a scale-up study. Chem Eng Res
Des 87:437-451.
Gupta SD, Ibaraki Y. 2006. Plant tissue culture engineering. Netherlands: Springer.
Hensirisak P. 1997. Scale-up of the use of a microbubble dispersion to increase oxygen
transfer in aerobic fermentation of baker’s yeast. Virginia Polytechnic Institute and State
University. Oct. 16, 1997.
Hulme I, Kantzas A. 2005. Validation of bubble properties of a bubbling fluidized bed
reactor using CFD with imaging experiments. Polym-Plast Technol and Eng 44:73-95.
Junker BH, Mann Z, Hunt G. 2000. Retrofit of CD-6 (Smith) impeller in fermentation
vessels. Appl Biochem Biotechnol 89:67-83.
Kiełbus-Rąpała A, Karcz J. 2010. Solid suspension and gas dispersion in gas-solid-liquid
agitated systems. Chem Pap 64:154-162.
Lavery, M. 1987. Oxygen transfer in animal cell culture medium. Biotechnol Bioeng
30:368-373.
Liu Z, Zhang G, Sun Y. 2008. Mutagenizing brewing yeast strain for improving
fermentation property of beer. J Biosci and Bioeng 106:33-38.
Lupāşteanu A-M, Galaction A-I, Caşcaval D. 2008. Comparative evaluation of radial
impellers efficiency for bioreactors with stirred bed of immobilized cells 1. Disperser
sawtooth and smith turbine. Rom Biotechnol Lett 13:3821-3836.
Lu W-M, Wu H-Z. 2001. Characteristics of the smith turbine impeller in an aerated
stirred vessel. J Chin Inst Chem Eng 32:193-204.

73
Mishra VP, Joshi JB. 1993. Flow generated by a disc turbine: Part III: Effect of impeller
diameter, impeller location and comparison with other radial flow turbines. Chem Eng
Res Des 71:563-573.
Mueller JA, Boyle WC, Lightfoot EN. 1967. Effect of response time of a dissolved
oxygen probe on the oxygen uptake rate. Appl Microbiol 15: 674-676.
Myers KJ, Reeder MF, Fasano JB. 2002. Optimize mixing by using the proper baffles.
CEP Magazine. Feb 2002: 42-47.
Oosterhuis NMG, Kossen NWF. 1984. Dissolved oxygen concentration profiles in a
production scale bioreactor. Biotechnol and Bioeng 26:546-550.
Pandey A, Soccol CR, Mitchell D. 2000. New developments in solid state fermentation:
I-bioprocesses and products. Process Biochem 35:1153-1169.
Parakulsuksatid, P. 2000. Utilization of a microbubble dispersion to increase oxygen
transfer in pilot-scale baker’s yeast fermentation unit. Unpublished thesis (M.S.), Virginia
Polytechnic Institute and State University.
Patwardhan AW, Joshi JB. 1999. Design of gas-inducing reactors. Ind Eng Chem Res
38:49-80.
Philichi TL, Stenstrom MK. 1989. Effects of dissolved oxygen probe lag on oxygen
transfer parameter estimation. Res J Water Pollut Control Fed 61:83-86.
Rosneck M. 2006. Driving standards in single-use disposables – close inspection of the
objectives of the bio-process systems alliance. Genet. Eng. News 26:40.
Ruchti G, Dunn IJ, Bourne JR. 1980. Comparison of dynamic oxygen electrode methods
for the measurement of KLa. Biotech Bioeng 23:277-290.
Shuler ML, Kargi F. 2002. Bioprocess engineering. Upper Saddle River, New Jersey:
Prentice Hall.
Sinclair CG, Ryder DN. 1975. Models for the continuous culture of microorganisms
under both oxygen and carbon limiting conditions. Biotech Bioeng 17:375-398.
Siquiera PF, Karp SG, Carvalho, JC, Sturm W, Rodriguez-Leon JA, Tholozan J,
Singhania RR, Pandey A, Soccol CR. 2008. Production of bio-ethanol from soybean
molasses by Saccharomyces cerevisiae at laboratory, pilot, and industrial scales.
Bioresour Technol 99:8156-8163.
Smith JM, Gao Z. 2001. Power demand of gas dispersing impellers under high load
conditions. Chem Eng Res Des 79:575-580.

74
Vardar-Sukan F. 1986. Dynamics of oxygen mass transfer in bioreactors part II: design
variables. Process Biochem 21:40-44.
Walas SM. 1990. Chemical process equipment – selection and design. London: Elsevier
Academic Press.
Wang DIC, Cooney CL, Demain AL, Dunnill P, Humphrey AE, Lilly MD. 1978.
Fermentation and enzyme technology. New York: John Wiley & Sons.
Weiland P, Onken U. 1981. Fluid dynamics and mass transfer in an airlift fermentor with
external loop. Ger Chem Eng 4:42-50.
Yoshida F, Akita K. 1965. Performance of gas bubble columns: volumetric liquid-phase
mass transfer coefficient and gas holdup. AIChE J. 11:9-13.

75

APPENDICES

76
Appendix A: Additional Design Schematics

Figure A 1. Motor stand with tank in operating position
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Figure A 2. Tank cross section detail
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Appendix B: Complete List of Experiments
Ring Sparger
Rectangular baffles
All impeller applicable impeller configurations (RAA, RHH, RSAA,
RSHH, SAA, SHH, SHRH, SRAA, SRHH)
Near standard mixing speeds (150 rpm, 300 rpm, 450 rpm)
Standard gas flow rates (140 lpm, 170 lpm)
Rounded baffles
Near standard impeller configurations (RAA, RHH, SAA, SHH, SRAA)
Near standard mixing speeds (300 rpm, 450 rpm)
Standard gas flow rates (140 lpm, 170 lpm)
Perforated Plate Sparger
Rectangular and Round Baffles
Standard impeller configurations (RAA, RHH, SAA, SHH, SRAA,
SRHH)
Standard mixing speeds (250 rpm, 300 rpm, 450 rpm)
Standard gas flow rates (140 lpm, 170 lpm)
Porex Sparger
Rectangular and rounded baffles
Standard impeller configurations (RAA, RHH, SAA, SHH, SRAA,
SRHH)
Standard mixing speeds (250 rpm, 300 rpm, 450 rpm)
Reduced gas flow rates (25 lpm, 40 lpm)
Open Pipe Sparger
Rectangular baffles only
Standard impeller configurations (RAA, RHH, SAA, SHH, SRAA,
SRHH)
Standard mixing speeds (250 rpm, 300 rpm, 450 rpm)
Standard gas flow rates (140 lpm, 170 lpm)
Ring Sparger (Repeated to Fix Data)
Rectangular baffles only
RAA
Standard mixing speeds (250 rpm, 300 rpm, 450 rpm)
Standard plus additional gas flow rates (140 lpm, 170 lpm,
225 lpm, 285 lpm)
Other standard impeller configurations (RHH, SAA, SHH, SRAA, SRHH)
Standard mixing speeds (250 rpm, 300 rpm, 450 rpm)
Standard gas flow rates (140 lpm, 170 lpm)
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Four Rushton Testing
Rectangular baffles only
Open pipe sparger and ring sparger
Standard mixing speeds (250 rpm, 300 rpm, 450 rpm)
Standard gas flow rates (140 lpm, 170 lpm)
Each test repeated three times
Under-baffled Testing
Rectangular baffles only
Four Rushton configuration only
Open pipe sparger only
One, Two, and Three Baffles
Mixing speed of 450 rpm
Standard gas flow rates (140 lpm, 170 lpm)
Each test repeated three times

Offset Sparge and Offset Drive Shaft (8.9 centimeters each)
Rectangular baffles only
Four Rushton configuration only
Open pipe sparger only
One, two, three, or four baffles
Probes located near or far from the offset
components
Mixing speed of 450 rpm
Standard gas flow rates (140 lpm,
170 lpm)
Each test repeated three times
Offset Sparge (8.9 centimeters) and Centered Drive Shaft
Rectangular baffles only
Four Rushton configuration only
Open pipe sparger only
Three or four baffles
Probes located near or far from the offset
component
Mixing speed of 450 rpm
Standard gas flow rates (140 lpm,
170 lpm)
Each test repeated three times
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Impeller Testing
Open Pipe Sparger
Four Rectangular Baffles
Extended impeller configurations (RAA, RHH, RRA, RRH, RRR,
SHH, SAA, SSH, SSA, SSS, RRAA, RRHH, RRRA, RRRH,
RRRR, SSHH, SSAA, SSSH, SSSA, SSSS)
Mixing speed of 450 rpm
Gas flow rate of 140 lpm
Each test repeated three times
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Appendix C: Example of Probe Response and Transient Volume Correction
As an example, start with the following data that was hypothetically obtained from a data
acquisition system which measures dissolved oxygen every 3 seconds from a dissolved
oxygen probe with time constants of 2 and 20 seconds.
Time (s)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66

DO
10.035
9.796
10.628
12.463
14.702
18.575
22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335
72.438
73.483
75.609
77.622

Step 1: Calculate the first derivative of each dissolved oxygen value using Equation 8:

Where h is the time between measurements and f(xi+1) and f(xi-1) are the dissolved
oxygen values recorded just after and just before the point of interest, respectively.
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Because data points before and after the point of interest must be used, the first and last
data points are omitted from the calculation.
For the second dissolved oxygen value,

Time (s)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66

DO
10.035
9.796
10.628
12.463
14.702
18.575
22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335
72.438
73.483
75.609
77.622

f'
0.099
0.445
0.679
1.019
1.379
1.515
1.588
1.747
1.520
1.373
1.655
1.408
1.141
1.122
1.045
0.991
0.945
0.822
0.525
0.528
0.690

Step 2: Calculate the second derivative using Equation 9 for each dissolved oxygen
value:

where f(xi) is the point of interest.
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For the second data point,

Time (s)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66

DO
10.035
9.796
10.628
12.463
14.702
18.575
22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335
72.438
73.483
75.609
77.622

f'

f''

0.099
0.445
0.679
1.019
1.379
1.515
1.588
1.747
1.520
1.373
1.655
1.408
1.141
1.122
1.045
0.991
0.945
0.822
0.525
0.528
0.690

0.119
0.111
0.045
0.182
0.059
0.032
0.016
0.090
-0.242
0.144
0.044
-0.209
0.031
-0.044
-0.007
-0.029
-0.001
-0.081
-0.118
0.120
-0.013

Step 3: Apply the second order correction found in Equation 6 to each dissolved oxygen
value.
τ τ

τ

For the second data point,

τ

τ τ

τ

τ
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Time (s)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66

DO
10.035
9.796
10.628
12.463
14.702
18.575
22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335
72.438
73.483
75.609
77.622

f'

f''

C

0.099
0.445
0.679
1.019
1.379
1.515
1.588
1.747
1.520
1.373
1.655
1.408
1.141
1.122
1.045
0.991
0.945
0.822
0.525
0.528
0.690

0.119
0.111
0.045
0.182
0.059
0.032
0.016
0.090
-0.242
0.144
0.044
-0.209
0.031
-0.044
-0.007
-0.029
-0.001
-0.081
-0.118
0.120
-0.013

9.934333
20.23678
25.73356
41.67289
47.68467
52.62622
56.56867
66.04289
50.76967
65.94089
71.18044
58.61233
65.36267
64.89889
67.72333
68.62056
71.72933
68.85811
63.84044
76.43144
77.67411

Step 4: Calculate the logarithm of the difference between the saturation concentration of
oxygen (assume 100 for this example) and the corrected dissolved oxygen value for each
data point.
For the second data point,

Time (s)
0
3
6
9
12
15

DO
10.035
9.796
10.628
12.463
14.702
18.575

f'
0.099
0.445
0.679
1.019
1.379

f''
0.119
0.111
0.045
0.182
0.059

C
9.934
20.237
25.734
41.673
47.685

ln(C*-C)
4.501
4.379
4.308
4.066
3.957
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18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66

22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335
72.438
73.483
75.609
77.622

1.515
1.588
1.747
1.520
1.373
1.655
1.408
1.141
1.122
1.045
0.991
0.945
0.822
0.525
0.528
0.690

0.032
0.016
0.090
-0.242
0.144
0.044
-0.209
0.031
-0.044
-0.007
-0.029
-0.001
-0.081
-0.118
0.120
-0.013

52.626
56.569
66.043
50.770
65.941
71.180
58.612
65.363
64.899
67.723
68.621
71.729
68.858
63.840
76.431
77.674

3.858
3.771
3.525
3.897
3.528
3.361
3.723
3.545
3.558
3.474
3.446
3.342
3.439
3.588
3.160
3.106

Step 5: Create a plot of time versus ln(C*-C) using corrected dissolved oxygen values
which are between 20 and 75.
Time (s)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54

DO
10.035
9.796
10.628
12.463
14.702
18.575
22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335

f'

f''

C

0.099
0.445
0.679
1.019
1.379
1.515
1.588
1.747
1.520
1.373
1.655
1.408
1.141
1.122
1.045
0.991
0.945
0.822

0.119
0.111
0.045
0.182
0.059
0.032
0.016
0.090
-0.242
0.144
0.044
-0.209
0.031
-0.044
-0.007
-0.029
-0.001
-0.081

9.934
20.237
25.734
41.673
47.685
52.626
56.569
66.043
50.770
65.941
71.180
58.612
65.363
64.899
67.723
68.621
71.729
68.858

ln(C*-C)
4.501
4.379
4.308
4.066
3.957
3.858
3.771
3.525
3.897
3.528
3.361
3.723
3.545
3.558
3.474
3.446
3.342
3.439
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57
60
63
66

72.438
73.483
75.609
77.622

0.525
0.528
0.690

-0.118
0.120
-0.013

63.840
76.431
77.674

3.588
3.160
3.106

4.6
4.4

ln(C*-C)

4.2
4.0
3.8
3.6
3.4
3.2
3.0
0

10

20

30

40

50

60

Time (s)

Step 6: Determine the average slope of the data points using a trend line.
4.6
4.4

ln(C*-C)

4.2
y = -0.0162x + 4.2191

4.0
3.8
3.6
3.4
3.2
3.0
0

10

20

30

40

50

Time (s)

Step 7: Calculate the kLa (in 1/hr) by multiplying the slope by -3600.

60
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Step 8: Determine how many data points which were used to calculate kLa are within the
transient volume period (assumed as 8 seconds) and divide by the total number of data
points used to determine kLa.
Time (s)
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
63
66

DO
10.035
9.796
10.628
12.463
14.702
18.575
22.976
27.667
32.502
38.149
41.621
46.385
51.549
54.832
58.397
61.562
64.667
67.507
70.335
72.438
73.483
75.609
77.622

f'

f''

C

0.099
0.445
0.679
1.019
1.379
1.515
1.588
1.747
1.520
1.373
1.655
1.408
1.141
1.122
1.045
0.991
0.945
0.822
0.525
0.528
0.690

0.119
0.111
0.045
0.182
0.059
0.032
0.016
0.090
-0.242
0.144
0.044
-0.209
0.031
-0.044
-0.007
-0.029
-0.001
-0.081
-0.118
0.120
-0.013

9.934
20.237
25.734
41.673
47.685
52.626
56.569
66.043
50.770
65.941
71.180
58.612
65.363
64.899
67.723
68.621
71.729
68.858
63.840
76.431
77.674

ln(C*-C)
4.501
4.379
4.308
4.066
3.957
3.858
3.771
3.525
3.897
3.528
3.361
3.723
3.545
3.558
3.474
3.446
3.342
3.439
3.588
3.160
3.106

Of 18 data points used to calculate kLa, only one is within the transient period.

Step 9: Determine the fractional increase in kLa (Pk) based on the number calculated in
Step 8 (Pdp) by using Equation 26.
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For this example,

Step 10: Multiply the kLa determined in Step 7 by the sum of the fractional increase and
one to determine the true kLa.

89
Appendix D: Additional Computational Fluid Dynamics Models

Figure D 1. Four views of the CFD model for two A320 and two Rushton impellers,
including the bottom impeller (top left), in between impellers (top right), mid-plane
(bottom left), and the top impeller (bottom right)
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Figure D 2. Four views of the CFD model for two A320 and one Smith impeller,
including the bottom impeller (top left), in-between impellers (top right), mid-plane
(bottom left), and the top impeller (bottom right)
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Figure D 3. Four views of the CFD model for one A320 and three Rushton impellers,
including the bottom impeller (top left), in-between impellers (top right), mid-plane
(bottom left), and the top impeller (bottom right)
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Figure D 4. Four views of the CFD model for two HE3 and one Smith impeller, including
the bottom impeller (top left), in-between impellers (top right), mid-plane (bottom left),
and the top impeller (bottom right)
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Figure D 5. Four views of the CFD model for three Rushton impellers, including the
bottom impeller (top left), in-between impellers (top right), mid-plane (bottom left), and
the top impeller (bottom right)
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Figure D 6. Four views of the CFD model for four Rushton impellers, including the
bottom impeller (top left), in-between impellers (top right), mid-plane (bottom left), and
the top impeller (bottom right)
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Figure D 7. Four views of the CFD model for four Smith impellers, including the bottom
impeller (top left), in-between impellers (top right), mid-plane (bottom left), and the top
impeller (bottom right)
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Appendix E: Rights and Permissions
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